THE EFFICACY OF REGULAR EXERCISE for the prevention and therapy of type 2 diabetes and atherosclerotic cardiovascular disease (ASCVD) is well established (46) . In patients with or at risk for type 2 diabetes, it appears to act on skeletal muscle predominantly by increasing insulin sensitivity after each individual exercise bout (25, 41, 45) and to a lesser extent by enhancing physical fitness (20) . With respect to ASCVD prevention, exercise-induced decreases in plasma triglycerides and blood pressure and increases in HDL cholesterol have been implicated (46) . On the other hand, in both experimental animal models and humans, exercise can exert beneficial effects on both ASCVD and endothelial cell dysfunction even in the absence of overt changes in serum cholesterol and other lipids, suggesting that it could have more direct effects on the endothelium (21, 52) .
In this study, we focus on two enzymes that could mediate such vascular benefit: AMP-activated protein kinase (AMPK) and endothelial nitric oxide (NO) synthase (eNOS). AMPK is a fuel and stress sensing enzyme that can be activated in cultured endothelial cells (ECs) in response to shear stress (15) , oxidative stress (50) , and such pharmacological agents as metformin (57) , rosiglitazone (5) , and the statins (48) . Once activated it phosphorylates key metabolic enzymes resulting in an increase in processes that generate ATP, such as fatty acid oxidation (FAox), and a decrease in others that consume ATP, but are not acutely necessary for survival, such as fatty acid and triglyceride synthesis (17, 23, 44) . Due to these effects as well as its actions on transcription factors and coactivators that modulate metabolism, it has been hypothesized that AMPK may be an ideal target for the treatment of EC dysfunction associated with metabolic disorders (42, 43) . eNOS is an EC-specific enzyme that produces NO, a molecule key to the regulation of vascular tone and antithrombotic and procoagulant processes (37) . A critical role for eNOS in atherogenesis has been established by studies in apoE Ϫ/Ϫ mice fed a high-fat diet, in which it was demonstrated that concurrent knockout of eNOS Ϫ/Ϫ greatly accelerated atherosclerosis (26, 30) . In addition, eNOS activity is downregulated in diabetes, suggesting that it may contribute to the increased prevalence of cardiovascular disease associated with this disorder (51) . Intriguingly, it has been shown that AMPK phosphorylates eNOS at Ser1177 leading to its activation in both cell free preparations (9) and cultured ECs (40) .
As alluded to earlier, exercise has been shown to prevent the EC dysfunction caused by metabolic disorders, yet the signals involved in this response are ill defined. We and others have demonstrated previously that acute physical activity activates AMPK in multiple tissues including skeletal muscle, adipose tissue, and the liver of the rat (44) , but whether this physiological stimulus can activate AMPK in vascular endothelium in vivo is unknown. The present study was undertaken to determine whether AMPK and eNOS are concurrently activated by an acute bout of treadmill exercise and, if so, whether such activation occurs in the endothelial and/or smooth muscle layers of the mouse aorta. Additionally, we explored the effects of exercise on known upstream regulators of AMPK including LKB1, silent information regulator-1 (SIRT1), and Ca 2ϩ /calmodulin kinase kinase-␤ (CAMKK␤) and on other kinases that have been shown to activate eNOS such as Akt/PKB, PKA, PKG, and Src.
METHODS AND MATERIALS
Mice. Thirty 9-to 18-wk-old male C57BL/6 mice and one eNOS knock-out mouse were purchased from Jackson Laboratory (Bar Harbor, ME). At the time of the experiment all of the animals were of comparable mean body weights: 32.1 Ϯ 2.5 g (means Ϯ SD). Mice were housed under controlled temperature (22°C), humidity (40%), and light (12-h:12-h light/dark cycle) conditions in a specific pathogen-free vivarium and provided food and water ad libitum. All experimental procedures were approved by the Institutional Animal Care and Use Committee.
Performance outcomes. Physical function was characterized by measuring running time, velocity, and work using a motorized treadmill (Columbus Instruments, Columbus, OH). In brief, all mice (n ϭ 9 to 10 per group) were acclimated to the treadmill for 3 consecutive days for a duration of 10 min, a speed of 10 m/min, and a 10°incline. On the fourth day, animals were randomly divided into two groups: one sedentary and one to be exercised to exhaustion. The exercised group ran on the treadmill at an initial speed and incline of 10 m/min and 10°for 10 min. The speed was increased incrementally by 2 m/min every 2 min until the mice reached their maximum velocity. Empirically, we observed that like humans mice are not all able to run at the same maximum velocities. Thus we defined maximum velocity as the highest velocity at which the mice would continue to run, without falling off the treadmill and being unable to hop back on, despite continued efforts and lack of clear signs of exhaustion. The mice were then run to exhaustion (i.e., run at maximum velocity until they would not remain on the treadmill despite gentle tapping on the hindquarter for 10 s with a plastic pipette). An electric grid was not used to decrease the pain-induced catecholamine production as a confounding variable (27) . Likewise, the sedentary group remained in the same room as the treadmill throughout the experiment to reduce the possibility that the treadmill noise/vibrations influenced the results. (The rationale for this exercise procedure is further detailed in the Supplemental Data.) The average run time for the group of exercised animals was 31.1 Ϯ 9.1 min (means Ϯ SD; n ϭ 10). The average velocity was 14.7 Ϯ 1.5 m/min, the average max velocity was 19.1 Ϯ 2.9 m/min, and the average total distance run was 512 Ϯ 196 m.
Tissue isolation. After completing the exercise, the mice were rested for 10 min in separate cages to prevent fighting. They were then anesthetized with inhaled isoflurane (Aerrane; Baxter, Deerfield, IL) for ϳ10 s (until the mouse was immobile) and immediately euthanized by cervical dislocation. The thoracic aorta, including adventitial tissues, was rapidly harvested followed by removal of the tunica adventitia (periaortic fat) with the use of a dissecting microscope, on ice. The aortas were snap-frozen in liquid nitrogen and stored at Ϫ80°C until used for Western blot analysis. The adventitia was left on the aortas intended for immunohistochemistry. For this purpose they were fixed immediately in 10% buffered formalin (Fisher, Pittsburgh, PA). The same procedures were performed on the aortas obtained from the sedentary group.
Western blotting. The aortas were homogenized using a ConTorque Power Unit with Kontes glass homogenization tubes in 100 l of buffer containing 20 mM Tris·HCl (pH 7.5), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Nonidet P-40, 2.5 mM NaPPi, 1 mM ␤-glycerophosphate, 40 mM NaF, 1 mM Na 3VO4, 5 mM phenylmethylsulfonyl fluoride (PMSF), and 1 g/ml leupeptin. The lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4°C. The supernatants were transferred to chilled Eppendorf tubes and stored at Ϫ80°C for future analysis. After thawing, the protein quantity of the lysates was assessed by the bicinchoninic acid assay and 8 g of protein per sample was loaded per lane of a NuPAGE 4 -20% gradient gel (Invitrogen, Carlsbad, CA). The samples were run and then transferred to a polyvinylidene fluoride (PVDF) membrane as per manufacturer's instructions (Invitrogen). Immunoblots were carried out with the antibodies, concentrations, and conditions listed in Supplemental Table S1 . All primary antibodies were diluted in a buffer consisting of 3% BSA/Tris-buffered saline-Tween (TBS-T) with 0.05% NaN 3. The primary antibody solutions were incubated with the PVDFs at 4°C, rocking overnight. A donkey anti-rabbithorseradish peroxidase (HRP) or sheep anti-mouse-HRP conjugated secondary antibody was used against the appropriate species of primary antibody. The concentrations of each secondary antibody are Fig. 1 . AMPK and AMPK regulatory proteins are activated in the aorta of mice exercised to exhaustion on a treadmill. Protein lysates from aortas of sedentary and exercised mice were analyzed by Western blot (A) and quantified in B (a-f). Due to the observation that exercise activates AMPK in fat (27) , the peri-aortic fat (PAF; or tunica adventitia) that surrounds the aorta was removed before protein isolation. Thus aortic protein lysates were made only from the tunica media and intima (see Fig. 6B for definitions). To exclude the possibility that the results obtained may have come from incompletely removed PAF, an immunoblot was performed against the fat cell-specific marker aP2 and a positive control of PAF was included in the first lane. As is evident, mouse aortic sample number 13 was contaminated by PAF and was thus excluded from the analysis. SIRT1, silent information regulator-1; ACC, acetyl-CoA carboxylase; p, Phospho; T-, total; AU, arbitrary units; CamK1, Ca 2ϩ /calmodulin kinase I.
listed in Supplemental Table S1 . The secondary antibodies, diluted in TBS-T only, were incubated for 1 h at room temperature. ECL from Pierce (Rockford, IL) was used as the HRP substrate. The blots were exposed on HyBlot CL X-ray film (Denville Scientific, Metuchen, NJ), and the resulting bands were scanned and quantified using an AGFA Studiostar scanner (Köln, Germany) and Scion Image, respectively. All data are presented as means Ϯ SE.
Immunohistochemistry of aortas and quantitation. The formalinfixed aortas were paraffin embedded, cut in 5-m slices, and mounted on slides by the Experimental Pathology Laboratory Services Core at Boston University School of Medicine. The core also performed the hematoxylin and eosin and Mason's Tri-chrome stains. For immunohistochemistry (IHC) analyses, the slides were deparafinized and hydrated through washes that took the slides from xylene, 100% ethanol, 95% ethanol, 85% ethanol, 75% ethanol, 50% ethanol, and then water. Antigens were unmasked by flash boiling the slides in 10 mM Tris (pH 10) and then cooling for 30 min. Native peroxides were quenched with 3% H 2O2 (10 min). The reagents from the UltraTech HRP Streptavidin-Biotin Universal Detection System (Beckman Coulter, Fullerton, CA) were used to block, amplify, and detect the primary antibodies according to manufacturer's guidelines. All primary antibodies, at the concentrations noted in the respective figures and Supplemental Table S1 , were incubated overnight at 4°C in a humidified chamber. Detection was based on secondary biotinylated antibody, followed by the addition of streptavidin-HRP ABC complex and 3,3=-diaminobenzidine. Postdetection, the slides were dehydrated and Permount (Fisher) was used to seal the coverslip. For negative controls, the primary antibody was omitted. For quantitative IHC for active phosphorylated AMPK or eNOS all the slides, including negative controls, were developed/stained simultaneously and for the same amount of time to avoid batch-to-batch variability that would preclude accurate quantitation. Postdetection/development, the slides were dehydrated and fixed with Permount. ImageJ for microscopy software was used to quantify the images by first converting them to grayscale and then inverting. The integrated pixel density of the media or intima was then taken and divided by the surface area measured. The media and intima from the negative controls (secondary antibody only) were also measured and their respective average integrated pixel density per squared micrometer (background) were subtracted out of the appropriate phospho-protein measurements. Measurements from 11-13 aortic fields were used per quantitation.
Statistics. All data were analyzed using GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA). The Western blot and distance analysis were analyzed by Student's t-test and Pearson's correlation, respectively. The IHC comparisons were analyzed by the Mann-Whitney test. A P value less than 0.05 was taken as statistically significant. 
RESULTS

An acute bout of treadmill exercise activates AMPK and AMPK regulatory proteins in the mouse aorta.
A bout of treadmill running carried out to exhaustion (mean duration of 31 min) increased AMPK (Thr172) phosphorylation (an index of its activation by upstream kinases) by 3.4-fold in the whole aorta (Fig. 1, A and Ba) . The phosphorylation of the AMPK substrate, acetyl-CoA carboxylase (ACC) at Ser79, was also increased, but to a lesser degree (P ϭ 0.12, Fig. 1Bb) ; a possible explanation for this will be discussed in the sections on IHC. Several AMPK regulatory proteins were concurrently activated. Thus the phosphorylation of Ser431 of the AMPKkinase (AMPKK) LKB1, an event associated with LKB1 activation and mediated potentially by p90RSK or PKA (1), was significantly increased (Fig. 1Bc) . The protein abundance of the histone/protein deacetylase SIRT1, an enzyme recently shown to deacetylate LKB1 leading to its activation, and secondarily that of AMPK (32) (Fig. 1Bd) was also increased. Taken together these findings suggest that the SIRT1-LKB1-AMPK cascade is activated by exercise. Another known AMPKK, CaMKK␤, was also activated by exercise as evidenced by a 1.6-fold increase in the phosphorylation of its substrate CaMKI at Thr177 (Fig. 1Be) (2) . As an additional check of the data of Fig. 1 , all of the phospho-protein data were normalized by ␤-actin instead of their own total levels, similar results were obtained with this method (data not shown). Finally, there was no change in total AMPK abundance due to exercise (Fig. 1Bf) , an observation that could have accounted for its increased phosphorylation levels.
Exercise activates eNOS in the mouse aorta, an effect likely mediated by AMPK. The treadmill exercise also activated eNOS as evidenced by a 2.8-fold increase in phosphorylation at its most critical activation site Ser1177 (Fig. 2, A and B) . Because shear stress represents a likely modality whereby exercise would activate AMPK and eNOS in the aorta (55), kinases discovered to phosphorylate and activate eNOS in in vitro (cell culture) models of shear stress were studied. Of the four known shear stress-induced kinases (AMPK, Akt/PKB, PKA, and PKG) that phosphorylate eNOS at Ser1177, two of them also phosphorylate it at Ser617 (PKA and Akt) and two at Ser635 (PKA and PKG; Fig. 2A ) (35) . Although, phosphorylation at Ser1177 was increased 2.8-fold (Fig. 2Ba) after the treadmill run, phosphorylation at Ser617 (Fig. 2Bb) and Ser635 (Fig. 2Bc) was unaltered suggesting that PKA, Akt, and PKG were not activated. In keeping with this conclusion, the phosphorylation of Akt at both of its activating sites (Ser473 and Thr308) and of its substrate GSK-3␤ at Ser9 were not increased, nor was the phosphorylation of the PKA substrate cAMP response element-binding transcription factor (CREB; Ser133) or general PKA substrates (Figs. 3, A, B, D, and E) . Without their activation, the possibility that PKG was activated by exercise is also unlikely, since the phosphorylation of eNOS at Ser635 was unaltered. Intriguingly, whereas the phosphorylation of eNOS at Ser1177 increased, the phosphorylation of Thr495, which is inhibitory, trended to decrease (Fig. 2Bd) , suggesting another reason for eNOS activation. Finally, another kinase known to activate eNOS, although not by Ser1177 phosphorylation, is Src. However, immunoblots of the activating phosphorylation of Src on Y216 revealed that it was not affected by this short bout of exercise (Fig. 3, C and F) . Finally, the abundance of eNOS protein (Fig. 2Be) was not altered, suggesting that the two known chronic exercise-induced pathways responsible for increasing eNOS protein (CREB and Src) (28, 47) were not sufficiently activated.
AMPK (Thr172) phosphorylation positively correlates with eNOS (Ser1177) phosphorylation and run distance. To assess more quantitatively whether a relationship exists between the activation of AMPK and eNOS, a correlation analysis was performed (Fig. 4) . Phosphorylation of AMPK (Thr172) positively correlated both with the phosphorylation of its substrate eNOS (Ser1177) (Fig. 4A) and with the activation of two of its upstream kinases, LKB1 as reflected by its phosphorylation at Ser431 (Fig. 4C) and CaMKK␤, as evidenced by Thr177 phosphorylation of its substrate CaMKI (Fig. 4E) . Another positive correlation was between SIRT1 abundance and LKB1 phosphorylation (Fig. 4D) , suggesting that the SIRT1-LKB1-AMPK cascade may have been activated. Also of note, the distance run by each animal correlated positively with the phospho-status/activation of all of these molecules (Fig. 5) , suggesting a causal relationship between these events. No significant correlation was found between the phosphorylation of AMPK and another of its substrates ACC (Fig. 4B) .
IHC localization of the enzymes studied in the mouse aorta. To gain a better understanding of which aortic cells contributed to the Western blot data, an IHC analysis was performed to determine the location within the aorta of the studied enzymes. IHC revealed that total AMPK-␣ is abundant throughout the tunica media and intima (Fig. 6, A and B) in both smooth muscle cells (SMCs) and ECs (Fig. 6E) . The cellular localization is different between the two cell types in that it is both nuclear and cytoplasmic in the EC and cytoplasmic in the SMCs. This observation was confirmed with the use of a second antibody from another manufacturer (Supplemental Fig. S1 ). As expected, eNOS was found throughout the ECs, but not in the SMCs (Fig. 6F) . The specificity of the eNOS antibody used was confirmed by performing the same IHC on an aorta from an eNOS knock-out mouse in which no staining was detectable (Supplemental Fig. S2 ). ACC has very low abundance in the ECs compared with the SMCs (when quantified ϳ4% of the total ACC is in the ECs) and is predominantly localized to the cytoplasm of both cell types (Fig. 6G) . This observation and the data from the next section may explain why the phosphorylation of ACC in the whole aorta appears to be only modestly affected by exercise, whereas AMPK phosphorylation was clearly increased (Figs. 1 and 4B ). LKB1 and SIRT1 were abundant and predominantly located in the nuclei of the ECs and SMCs (Fig. 6, H and I) , although LKB1 was also found in a spotty cytoplasmic pattern in the SMCs (Fig. 6H ). Thus, with the exceptions of ACC, which is principally found in the SMCs, and eNOS, which is exclusively in ECs, all of the studied enzymes were abundant in both cells.
Both AMPK and eNOS are activated in the ECs of aortas from exercised mice. IHC analysis using phospho-proteinspecific antibodies for active AMPK (p-Thr172) revealed that treadmill exercise induced increases in p-AMPK staining in both ECs and SMCs (Fig. 7) with densitometric data indicating that the increase was greater in the ECs. Exercise-induced increases in eNOS phosphorylation at Ser1177 (Fig. 8) were found only in ECs. To demonstrate that the antibodies used for this analysis are specific for their phospho-targets, a set of aortic slices from exercised mice was subjected to 30 min of protein phosphatase 2A treatment before the addition of the respective primary antibodies. As seen in Supplemental Figs. S3 and S4, the ability of these antibodies to stain their phospho-targets was almost completely lost. Additionally, IHCs were carried out for total AMPK and total eNOS in aorta from sedentary versus exercised mice. No differences in the abundance of either enzyme were found (data not shown).
DISCUSSION
We investigated whether exercise acutely activates AMPK in the mouse aorta, how it might accomplish this, and what are some of its possible ramifications. The major findings were that: 1) Treadmill running to exhaustion activated AMPK and several upstream AMPK regulatory proteins; 2) AMPK activation was associated with the activation of eNOS, whereas the activities of other enzymes known to phosphorylate eNOS at Ser1177 were not concurrently increased; and 3) Exerciseinduced activation of AMPK occurred in the ECs and to a lesser extent SMCs and eNOS only in ECs.
To our knowledge, this is the first report to demonstrate the concurrent activation of AMPK, AMPK regulatory proteins, and eNOS by an acute bout of exercise in the mouse aorta ( Figs. 1 and 2 ). Two observations strongly suggest a functional relationship between these molecules. The first is that the levels of phosphorylation/activation of AMPK (Thr172) correlated positively with the phosphorylation/activation of eNOS (Ser1177; Fig. 4A ), LKB1 (Ser431; Fig. 4C ), and CaMKI (Thr177; Fig. 4E ). The second is that the distance (Fig. 5 ) and time (data not shown) each mouse ran also correlated positively with the increased phosphorylation/activation of all of these molecules. In other words, there was a positive relationship between the degree of activation of these enzymes both with each other and the amount of exercise performed. The extent to which the AMPKKs, LKB1, and CaMKK␤ individually contributed to the activation of AMPK remains to be determined, as does the identity of the factor(s) that activated these AMPKKs. One likely factor is shear stress. Cultured ECs exposed to shear stress activate LKB1 very quickly (within 2 min) as measured by the LKB1 kinase activity assay (55) . In addition, shear stress could activate CaMKK␤ in a similar time frame by its effects on mechanoreceptors that induce intracellular calcium mobilization (3). Hypothetically, AMPK could also have been activated by a shear stress-induced increase in EC reactive oxygen species (ROS) (12, 34) . Such a mechanism has been shown to activate AMPK in the ischemic heart (29) and in cultured ECs incubated with H 2 O 2 (50) . Presumably these conditions cause a decrease in ATP that increases the AMP-to-ATP ratio. As reviewed elsewhere, such increases in the AMP-to-ATP ratio increase the binding of AMP to CBS domains on the regulatory ␥-subunit of AMPK, which allosterically activates AMPK and even more dramatically increases its activity by leading to increased phosphorylation of Thr172 on its catalytic ␣-subunit (16).
An intriguing observation made in this study was that the protein abundance of the histone/protein deacetylase SIRT1, which has recently been shown to modulate LKB1 activity (32) , almost doubled within 1 h (the total time frame of the experiment). Several studies have used increases or decreases in SIRT1 protein abundance as a proxy for its activity, especially from tissues, in which direct measurement of SIRT1 activity is very challenging (24, 49) . Here we found that SIRT1 protein abundance correlated positively with both LKB1 (Ser431) phosphorylation (Fig. 4D ) and the distance run by the mice (Fig. 5) , suggesting that it too may have played a role in the activation of AMPK. We do not know why SIRT1 protein increased in such a short period of time; however, this is not the first report of rapid changes in its protein abundance. Suwa and colleagues (49) observed significant increases in SIRT1 protein abundance after 1 h of treadmill running in rat soleus muscle, and Kemper et al. (24) reported a 50% decrease of SIRT1 in mouse liver after a 24-h fast followed by 1 h of refeeding. It has been suggested that such rapid changes in SIRT1 protein levels are due to post-translational modifications that prevent or accelerate its degradation (24, 49) .
Of the four known shear stress-induced kinases (35) that have been shown to activate eNOS, we found that AMPK but not Akt, PKA, or PKG ( Fig. 2Bc and 3 ) was activated in the same time frame in which eNOS phosphorylation at Ser1177 was increased. It has been demonstrated that Akt is unnecessary for shear-induced eNOS phosphorylation, whereas PKA is essential (4) . Thus the finding that PKA was not activated under the current exercise conditions was surprising, especially because we found an increase in LKB1 phosphorylation at Ser431, which is typically PKA or P90RSK mediated. Possibly activation of PKA (and Akt) is evanescent and was no longer present at the time the aortas were sampled or it was downregulated during the rest period. Future studies in which earlier time points are studied and the rest period eliminated should address this possibility. The kinase c-Src, which is activated by chronic exercise (3 wk) and induces increases in eNOS mRNA and protein (11), was also not activated by the acute bout of exercise (Fig. 3, C and F) . Thus by a process of elimination AMPK appears to be the most likely enzyme that mediates exercise-induced eNOS Ser1177 phosphorylation. When this manuscript was in preparation, Zhang and colleagues (54) reported that AMPK (Thr172) and eNOS (Ser1177) phosphorylation and activity are increased in the iliac and femoral arteries of mice after 50 min of treadmill running. The extent of phosphorylation of AMPK and eNOS was similar to that which we observed in the aorta. In contrast with our results, they found that Akt was activated by exercise; however, when they chemically completely inhibited Akt activation, eNOS phosphorylation at Ser1177 was diminished by 50%, suggesting that in addition to AMPK perhaps Akt is also important in this process. More definitive proof that AMPK and not another, possibly yet to be identified kinase is responsible for exerciseinduced eNOS Ser1177 phosphorylation will require EC-specific AMPK-␣ 1 & -␣ 2 knock-out mice, which presently do not exist. Finally, NO itself has been implicated in the activation of AMPK in cultured endothelial and other cells possibly by its effects on Ca 2ϩ signaling (55), peroxynitrite formation (56), or mitochondrial respiration (10) . Thus a primary increase in eNOS-mediated NO release hypothetically could have contributed to the increase in AMPK phosphorylation in the aortic endothelium during exercise.
To our knowledge this is the first report to demonstrate that AMPK is activated acutely by a physiological stimulus (i.e., exercise) in the endothelium of the aorta (Fig. 7) . We have previously shown that a single bout of exercise activates AMPK in skeletal muscle, liver, and adipose tissue (44) , suggesting that its activation in multiple tissues is part of a general (or systemic) response to the stresses created by physical activity. We also demonstrated that eNOS (Ser1177) phosphorylation occurs in the ECs of the aorta (Fig. 8) , reinforcing the likelihood that there is a functional relationship between these two molecules. Whether AMPK is responsible for eNOS activation, the fact that it is activated is important. For example, both high levels of blood glucose and free fatty acid (FFA) are found in patients with poorly controlled diabetes. Such a fuel surfeit causes EC dysfunction as manifested by diminished EC-dependent relaxation or EC apoptosis (the ultimate dysfunction), which are considered to be early events in atherogenesis (13) . In this regard, AMPK has been studied by many groups since various factors that activate it, including adiponectin (38), thiazolidinediones (36) , and polyphenols (53) maintain EC function and have antiatherogenic properties. Furthermore, in addition to their systemic benefits, such as glucose and lipid lowering, many of these compounds have been shown to have AMPK-mediated cytoprotective properties in cultured ECs. For example, in ECs rosiglitazone increases NO production (5) and prevents glucose-induced ROS generation (8) and metformin prevents cytokine-induced inflammation (19) and glucose-induced ROS generation (31) . We have also demonstrated that activation of AMPK by the chemical activator AICAR or adenoviral overexpression of a constitutively active-AMPK-␣ prevents high glucose (22) and FFA (Refs. 6 and 43, preliminary data)-induced apoptosis, insulin resistance, and mitochondrial dysfunction in cultured human ECs, possibly due to its ability to increase FAox and decrease lipid synthesis and the accumulation of potentially toxic metabolites, such as diacylglycerol and ceramides (22) . In addition, AMPK activation inhibits the proinflammatory effects of the FFA palmitate and such cytokines as TNF-␣ and IL-1 (reviewed in Ref. 14) . Collectively, these data suggest that AMPK activation benefits the EC and that its activation very likely mediates, at least in part, the ability of exercise to prevent macrovascular dysfunction. Because even modest exercise can have cardiovascular benefits in humans, studies with lower intensities of exercise (e.g., 40%, 60%, and 80% VO 2 max) are needed to determine over what range exercise activates AMPK in the aorta.
Finally, the results of this study could have a number of additional physiological implications. First, in vivo, tissues that are actively undergoing physical activity require increased blood flow. Such exercise-induced hyperemia likely requires signaling events in the EC that allow it to occur. The observation that AMPK, AMPK regulatory proteins, and eNOS are activated after a single bout of exercise suggests they may be a critical component of these signaling events. Second, aerobic-type exercise can cause a hypercoagulant state associated with increases in platelet count (33) , plasma catecholamines, thromboxane A2, and endothelin-1 release (39) . The activation of eNOS, and secondarily NO release from the endothelium, could represent a counterbalance that maintains hemostasis during such physical activity. Finally, in humans with type 2 diabetes, exercise is associated with a reduced risk of cardiovascular mortality (21) and in animals it prevents dietary fat-or cholesterol-induced atherosclerosis and endothelial inflammation (18, 52) . In both species, the benefit of exercise occurs even when it does not lower serum cholesterol levels (18, 21, 52 ). An attractive possibility is that exercise-induced AMPK and eNOS activation in the endothelial cell, by leading to anti-inflammatory and possibly anticoagulant effects, played a pivotal role.
